The aims of this study were to create experimental implants by coating rough plastic surfaces with a thin layer of titanium, and to use the experimental implants in an animal experiment to investigate whether differences in the surface characteristics of the implant affect the peri-implant bone reaction during the period of osseointegration. Titanium rods of diameter 1.6 mm and length 7 mm were treated by acid etching (AE) or sandblasting followed by acid etching (SA), and replicas were made from plastic. Experimental implants were created by depositing a thin layer of titanium on the plastic replicas by DC-magnetron sputtering, and the surface characteristics of the experimental implants were evaluated. The experimental implants were placed in the tibias of eight-week-old male SD rats. The rats were sacrificed and the implants harvested at 3, 5, 10, 14, 21 and 28 days after implant placement. The samples were examined by optical microscopy and micro-CT to confirm peri-implant new bone growth. Examination of the experimental implants by SEM imaging showed that the different surface conditions (SA and AE) had been faithfully recreated. TEM observation and XPS analysis confirmed that the coating was titanium. The surface roughness of SA and AE was 2.68±0.536 μm and 0.47±0.069 μm, respectively. With AE, the BMD of peri-implant trabecular bone showed that bone mineralization progressed not on the surface of the implant but at sites a small distance away. At day 28 after placement of the implant, when osseointegration was complete, the BMD value in the region near the implant surface was higher in SA than in AE. Furthermore, the BV/TV value was high at an earlier stage in SA than AE. The results showed that the SA surface was better than the AE surface for achieving osseointegration.
Introduction
Osseointegration is the criterion on which the success of an oral implant is assessed in current practice. Research has been carried out over a considerable time into modifications of the implant surface with the aim of achieving sound osseointegration at the earliest possible stage following implant placement. The results have shown that osseointegration is established relatively early with implants processed to give a surface roughness in the order of 2 μm, and the clinical data have been favorable [1] [2] [3] [4] [5] .
However, there has been little detailed investigation of the effects of the characteristics of the surface roughness of the implant on the reaction of the peri-implant bone, and it is not clearly known whether there is any variation in the reaction of the surrounding bone due to differences in the characteristics of the rough surface.
In the present study, experimental implants were created by coating plastic implants that had two different types of surface characteristics with a thin layer of titanium in order to examine the bone reaction near the implant surface. One surface texture replicated etching with acid (AE), the other replicated sandblasting followed by acid etching (SA).
The aims of this study were to create experimental implants by coating rough plastic surfaces with a thin layer of titanium, and to use the experimental implants in an animal experiment to investigate whether differences in the surface characteristics of the implant affect the peri-implant bone reaction during the period of osseointegration.
Materials and Methods

Creation of experimental implants
In this experiment, implants with two different types of surface characteristics were created. First, the surfaces of titanium rods of 1.6 mm diameter × 7 mm length were treated by either acid etching (AE) or sandblasting followed by acid etching (SA). Impressions of each rod were taken using impression material for approximately 1 h, heated at 35 ºC for 24 h, and then polymerized at 45 ºC for 24 h and 60 ºC for 48 h to produce rough-surfaced plastic rods. The plastic rods with each of the two types of surface texture were then coated with a thin layer of titanium, according to the method of Watazu et al. [6] [7] [8] A DCmagnetron sputtering device (Astellatech, Inc., Kanagawa, Japan) was used with a titanium target of 99.9% purity, and sputtering was carried out for 43 min using 200 W DC power under a 0.5 Pa argon atmosphere ( Fig. 1 ) ( Table 1 ). The experimental implants (1.6 mm diameter × 7 mm length) were evaluated.
Evaluation of experimental implants Evaluation by scanning electron microscopy
The titanium rod and its replica, the titanium-coated plastic implant, were imaged using a scanning electron microscope (SEM) (JSM-6330F, S3500N, JEOL Ltd., Tokyo, Japan). The shape of the surface was compared between images. The Sa (the arithmetic average of the 3D height of the roughness) and the Sdr (the developed surface area ratio) of SA and AE experimental implants were compared.
Evaluation of surface roughness
A 3D laser scanning microscope (VK-X100; KEYENCE Co., Osaka, Japan) was used to measure the shape of the surface.
Evaluation by transmission electron microscopy
The experimental implant was embedded in EPON812 (TAAB, Aldermaston, UK), and the specimens were sectioned (slice thickness: 70 nm) by using microtome (REICHERTNISSEI-ULTRACUT S, Leica, Wetzlar, Germany) with a diamond-knife (DiATOME ultra 45 °; NISSHIN EM Co., Ltd., Tokyo, Japan).
Ultrathin sections were prepared for examination of the titanium coating in cross section by a transmission electron microscope (TEM) (1200-EX; JEOL Ltd., Tokyo, Japan) in order to evaluate the formation state of the titanium coating.
Evaluation of surface characteristics
The surface composition of the two types of experimental implant was detected using X-ray spectroscopic analysis (XPS) 
Surgical Procedure
The experimental implants were placed in sixty 8-week-old male Sprague Dawley rats according to the method of Okamatsu et al 9) . The rats were placed under general anesthesia by inhalation of isoflurane (Forane ® ; Abbott Japan Co., Ltd., Tokyo, Japan). Hair was shaved from around the knee joints on both sides, and an incision of approximately 15 mm was made from the knee joint along the anterior border of the tibia, exposing the bone. An implant cavity was created 10 mm below the knee joint, and the experimental implant was placed in the tibia. Implant placement was carried out very cautiously to ensure no damage to the titanium coating. The wound was sutured after placement of the implants, thus completing the surgical procedure. An antibiotic (VICCILIN ® ; Meiji Seika Pharma Co., Ltd., Tokyo, Japan) was administered by intraperitoneal injection to prevent postoperative infection. This study was approved by the Animal Experimentation Committee 
Micro Computed Topography Examination
Experimental animals were sacrificed at 3, 5, 10, 14, 21 and 28 days, and the experimental implants and the peri-implant bone were harvested. The samples were wrapped in Parafilm ® to prevent them from drying out and stored. Imaging of the samples was carried out using micro-computed tomography (micro-CT) 
Preparation of Samples for Light Microscopy
Samples were harvested at 3, 10, 14, 21 and 28 days after were used for micro-CT measurement were also examined under an optical microscope after micro-CT imaging.
Statistical Analysis
Statistical analysis was performed using the SPSS version 19 software (SPSS Inc., Chicago, IL, USA). Analyses were run in three determinations. Two-way repeated-measures analysis of variance (ANOVA) followed by Bonferroni'/s post-hoc tests or Student' /s t-test was performed to assess statistical difference. Data were considered significant at P<0.05.
Result
The surface characteristics of the samples were evaluated by SEM observation, surface roughness measurement, TEM observation, and surface analysis.
Evaluation by SEM
At 20× magnification, SA gave the impression of a rougher surface than AE (Fig. 3e, g) . At 1,000× magnification, small irregularities were observed on the larger irregularities in SA (Fig.   3f ). Small irregularities were observed in AE (Fig. 3h) . No sites were found where the tips of the rough surface irregularities were rounded or the irregularities were not clear in either SA or AE (Fig. 3f, h) . The surface of SA was not only rougher than that of AE, but it also presented distinctive surface characteristics ( Fig.  3a-h) .
Comparison of the titanium rod and the experimental implant confirmed that the implant faithfully reproduced the surface characteristics of the titanium rod ( Fig. 3a-h) .
Evaluation of surface roughness
The Sa (the arithmetic average of the 3D height of the roughness) of the SA and AE experimental implants was 2.68±0.536 μm and 0.47±0.069 μm, respectively. The Sdr (the developed surface area ratio) of the SA and AE experimental implants was 313.22±18.858 μm and 119.65±23.601 μm, respectively ( Table 2 ). Both Sa and Sdr were significantly higher in SA than AE.
Evaluation by TEM
The titanium was coated in an almost completely even layer that followed the surface shape of the plastic rods that were made into the experimental implants. The titanium coating was a thin layer, approximately 100-120 nm thick (Fig. 4) .
Evaluation of surface characteristics
The surface composition of the titanium-coated experimental implants is shown in Table 3 . Evaluation by X-ray spectroscopic analysis (XPS). The main elements detected were Ti, O, and C. Bar =100 m In some samples, the titanium-bone interface has become detached or the bone tissues have come apart during the preparation of sections for optical microscopy. This is probably due to the dehydration of the sample with ethanol prior to embedd ing. There were n o obvi ous differences between SA and AE in the formation of new bone trabeculae.
showed high values in the peri-implant region. Further away from the surface of the implant, BV/TV showed a tendency toward constant values regardless of the length of time after implant placement.
In AE, an increase in BV/BT was found in the region a small distance from the peri-implant region. BV/TV increased at day 21 and 28 (Fig. 5) .
BMD
In SA, peri-implant BMD showed constant low values from day 3 to day 21 after implant placement, and a high value at day 28.
In AE, an increase in BMD was found in the region a small distance away from the peri-implant area (approximately 50 μm from the implant surface). Constant low values were found in the area near the implant surface.
In the region up to approximately 50 μm from the surface of the implant, BMD was significantly higher in SA than AE at day 28 ( Fig. 6) .
Observation by an optical microscope
Observation In both SA and AE, the thickness of new bone trabeculae increased at day 21. In AE there was no addition of bone to the bone marrow side, and the bone tissue matured without change, while in SA, the bone grew thicker on the surface of the implant.
There were no obvious differences between SA and AE in the formation of new bone trabeculae (Fig. 7) .
Discussion
Osseointegration is currently regarded as an essential condition for the success of implants 10, 11) . Achieving osseointegration in the shortest possible time helps reduce the treatment period, which leads to early recovery of the patient's lost mastication function. Various different types of surface processing have been carried out on implants with the aim of strengthening osseointegration and reducing the time taken for it to be achieved [1] [2] [3] [4] [5] .
Histologic evaluation and measurement of removal torque have been carried out on implants with various different surface characteristics 12) . The results have shown that rapid, strong osseointegration can be achieved with implants having surface roughness in the order of Sa=2 μm [1] [2] [3] . However, since the implant body is metal, tissue samples cannot readily be prepared, and, therefore, the tissue reaction at the titanium-bone interface cannot be easily evaluated 9, [13] [14] [15] .
Watazu et al. [6] [7] [8] created a thin layer of titanium on the surface of plastic implants using DC magnetron sputtering, enabling Okamatsu et al. 9) to observe osseointegration by optical microscopy and TEM. Morinaga et al. 16) were able to make chronological observations of mineralized tissue surrounding a similar experimental implant using micro-CT. However, the previous experimental implants had smooth surfaces 9, [16] [17] [18] [19] , and the reaction of the peri-implant tissue is therefore expected to be different from that of the rough-surfaced implants that are currently commonplace in clinical work. The present study compared differences in periimplant tissue reactions to implants with two different types of surface characteristics.
The present study used experimental implants with SA and AE surface characteristics. Micro-CT is a method of microstructure analysis because it allows analysis at high resolution without disruption of the sample, and it allows description of the trabecular structure and quantification of bone volume and bone density [16] [17] [18] [20] [21] [22] [23] [24] [25] . However, artifacts occur if the titanium body of the implant is present in the sample, so that the interface and peri-implant tissue cannot be accurately evaluated 25, 26) . If the implant is removed before evaluation, however, it is then no longer possible to evaluate the undamaged bone. In the present study, plastic-bodied implants with rough surfaces were therefore created in order to allow evaluation by micro-CT.
Chehroudi et al. 15, [27] [28] [29] reported taking an impression of a rough-surfaced titanium disk with silicon impression material and then making a copy with epoxy resin. In the present study, titanium implants were first subjected to surface processing in order to create implants with two types of rough surface. Impressions of these titanium implants were then taken to produce plastic rods with the two types of rough surface (SA and AE). The rods were then coated with titanium by DC magnetron sputtering. Okamatsu et al. 9) reported achieving a constant 150-250 nm titanium coating with the DC magnetron sputtering technique. Furthermore, Morinaga et al. 16) were able to produce implants suitable for micro-CT observation of mineralized microstructure by shortening the sputtering time to produce a relatively thin titanium coating. In the present study, it was possible to create a thin layer of titanium on a rough plastic surface by carrying out sputtering at low power.
This allowed the deposition of a thin layer of titanium, about 100-120 nm thick, that conformed to the surface microstructure.
The experimental implant thus created was examined by SEM and TEM, and the surface roughness and surface composition were measured. Wennerberg et al. reported that evaluation of surface roughness of oral implants should be made with 3D measurement of three places on each of at least three samples. The surface roughness of the present implants was measured according to Wennerberg et al. 30) , and the results showed that the two types of experimental implant faithfully recreated the surface characteristics of typical rough-surfaced implants available on the clinical practice. Albrektsson and Wennerberg et al. [1] [2] [3] reported that roughness at the micro-level is an important factor in the reaction of bone to the implant, and they recommended comparing surface roughness using the arithmetic average of the 3D height of the roughness (Sa). Sa values for the experimental implants in the present study were 2.68±0.54 μm for SA and 0.47±0.07 μm for AE, which are classified as "rough" and "minimally rough", respectively. The experimental implants created according to the method outlined above reproduced the surface form of the original titan implants. In addition, the surface composition was analyzed using XPS. The main elements detected were Ti, O, and C. Si, Na, and Cl were also detected, but these elements are among those reported by Morra et al. 31, 32) on the surface of oral implants used in clinical practice.
In the micro-CT evaluation, BV/TV and BMD of peri-implant mineralized tissue were measured. In the 3D reconstruction image created from micro-CT images, no metal artifacts were seen that could obstruct observation of the peri-implant region. Micro-CT is reported to be the most suitable method of observation for 3D structural analysis of trabeculae, but there are limits to the materials that will allow imaging. The plastic implants created in the present study were not affected by metal artifacts in the micro-CT imaging, so that it was possible to observe the peri-implant cancellous bone structure with clarity.
BMD measurement in AE showed that, in the bone marrow region, the mineralization progressed in the region a small distance away from the implant. This is the same as the finding reported by Morinaga et al 17) . Furthermore, the BMD value was higher in SA than in AE at day 28 after placement of the implant, when osseointegration was complete, and the BV/TV value was high at an earlier stage in SA than AE. Progress in mineralization in the region near the surface of the implant is likely to be beneficial in achieving osseointegration.
Albrektsson et al. [1] [2] [3] reported strong bone tissue reaction and better clinical outcomes with implants of medium roughness (1.0-2.0 μm) than with machine-processed implants. In addition, numerous researchers reported that implants with optimal surface characteristics have high removal torque earlier after implant placement than implant bodies with comparatively smooth surfaces 33) . The results of the present study showed that, with implants with rough surfaces that are considered optimal, mineralization of peri-implant bone progresses close to the implant surface. This strongly supports the results of basic and clinical research to date into implant surface characteristics.
In conclusion, in this study, newly developed experimental titanium-coated implants faithfully reproduced the surface characteristics of typical rough-surfaced implants. No metal artifacts were detected on CT examination, so that the experimental implants are suitable for examination of the intact titanium-bone interface.
The peri-implant bone tissue reaction was compared between experimental implants with two types of surface characteristics (SA and AE). The following results were obtained.
1. Histological examination of bone trabecula formation showed no great difference between SA and AE. New bone was formed from day 5 onward, and at day 10, bone tissues that had formed in different sites adhered to each other. At day 14, lamellar bone had formed along the surface of the implant. At days 21-28, the thickness of the lamellar bone covering the peri-implant region had increased.
2. With AE, the BMD of peri-implant trabecular bone showed that bone mineralization progressed not on the surface of the implant but at sites a small distance away. At day 28 after placement of the implant, when osseointegration was complete, the BMD value in the region near the implant surface was higher in SA than AE. Furthermore, the BV/TV value was high at an earlier stage in SA than AE. The results showed that the SA surface is more beneficial for achieving osseointegration than AE.
